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CAROTENE CONTENT OF THE CORN PLANT! 
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genetics, and N. P. Nwat, professor of agronomy and genetics, W: isconsin 2 Agricul- 
tural Experiment Station ? 


INTRODUCTION 


Corn silage ranks with hay as a principal winter roughage for dairy 
cattle in Wisconsin and adjacent States. It is becoming recognized 
that content of carotene, the parent substance of vitamin A, is one 
of the important factors affecting the quality of these winter feeds 
and of the milk produced thereon. Beginning in 1938, a study was 
undertaken at this station of the factors that influence the carotene 
content of hybrid corn (Zea mays L.). An initial objective was a 
determination of the extent to which different inbred lines and the 
hybrids derived from them varied inherently in capacity to form this 
substance. On the answer to this question rested the possibility of 
improving the carotene content of corn by selective breeding. 

To this end a large number of genetically pure inbred, single hy- 
brid, and double hybrid strains of corn were raised and their carotene 
content determined at various stages of growth. During the summer 
of 1940, for example, approximately 27 inbred, 18 single hybrid, and 
30 double hybrid strains were examined. Continuation of the study 
through four growing seasons has provided data from which the effect 
of environmental variations, as contrasted with genetic make-up, 
may be estimated. The effect on carotene content of such factors as 
the sun-red gene, the sugary gene (sweet corn), the number of plants 
per hill, and the prevention of pollination were also studied, as was 
the distribution of the pigment in various parts of the corn plant. 

In view of the unique collection of experimental material made avail- 
able during this work, it was considered advisable to extend the 
analytical determination to xanthophyll and chlorophyll. The pres- 
ent report, however, is concerned entirely with carotene values, and 

represents a greatly condensed summary of the complete results w hich 
are too extensive to be published in full? 


REVIEW OF LITERATURE 


Only a few investigations have been made to determine the varia- 
tion in carotene content among different strains of a particular plant 
species. Emsweller, Burrell, and Borthwick (3) * examined 18 lines 


1 Received for publication July 20, 1944. Paper from the Departments of 
Biochemistry and Genetics (No. 348), Agricultural Experiment Station, 
University of Wisconsin, Madison, Wis. 

2 The authors are indebted to B. Schweigert, S. Hanrahan, E. Gangstad, and 
C. Owens for technical and field assistance. 

3 The complete data are available in the doctoral dissertation of John W. 
Porter, University of Wisconsin, 1942. 

‘ Italie numbers in parentheses n refer to Literature Cited, dh 187. 
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of carrots and found from 32 to 63 mg. of carotene per 100 gm. of dry 
weight. Later Johnson and Miller (5) analyzed the grain of 19 in- 
bred lines of corn and found that significant variations occurred. 
They reported a close relationship between the number of genes for 
yellow endosperm color and the concentration of total carotenoids 
and £-carotene. 

Virtanen (14) reported that the total quantity of carotene in various 
plants increased rapidly up to the time of flowering and then diminished 
as the plant matured. Murneek (9) analyzed plants of three species 
which were grown under long and short day conditions. He found that 
the short day (reproducing) plants had a higher carotene concentra- 
tion than the long day (vegetative) plants. Further, analyses of 
soybean leaves over a portion of the growing season showed a maxi- 
mum carotene concentration at the time of flowering. Esselen and 
coworkers (4) found that the vitamin A potency of corn increased as 
the plant reached full growth, after which there was a considerable 
decrease. Moon (6) reported a marked loss, after flowering, in the 
carotene content of grasses. Snyder and Moore (1/2) analyzed corn 
leaves from tasseling time to maturity and found the maximum con- 
centration 2 weeks after tasseling. Nagasima (9) reported that the 
concentration of the carotenoids in seed-bearing plants showed two 
maxima, the first during the period of most active growth and the 
second at the time of sexual reproduction. 

The effect of season on carotene concentration apparently has not 
been studied with the exception of determinations of the amount 
present in pasture grasses during spring, summer, and fall. However, 
a number of observations on the effect of fertilization, moisture, light 
intensity, and temperature have been reported. Virtanen (14) found 
that all factors which have an unfavorable influence on the growth of 
plants, such as soil acidity, excessive concentrations of phosphate, 
potassium, sodium chloride, etc., lower the content of carotene in 
the plant. Also he found that carotene concentration is increased by 
the application of fertilizers. Pfiitzer and Pfaff-Limburgerhof (10) 
found that nitrogen fertilization always increased the carotene content 
of the plants they studied. Moon (7) reported that nitrogen and 
potassium each increased the carotene content of pasture grass 
growing on poor soil. Nitrogen fertilization produced the greatest 
increase. 

Moon (6) reported that drought conditions reduced the carotene 
concentration of grasses. Atkeson, Peterson, and Aldous (1) found 
many pasture grasses increased in carotene content following fail rains. 

Barnes (2) found that maximum color developed in Chantenay 
carrots when they were grown at 15° to 21° C. Smith (11) found the 
carotenoid content of greenhouse-grown tomato fruits to be less than 
that of the same variety grown out of doors. He reported also that 


some of the shorter wave lengths of light increase the carotenoid 
content of fruits. 
































EXPERIMENTAL METHODS 
PREPARATION OF SAMPLE 





In preparation for the carotene analyses eight plants of a strain 
were harvested at the desired stage of development. This number of 
plants was taken for each sample throughout the study. In 1939 the 
entire leaf (sheath and blade) was separated from the remainder of 
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the plant, but in the following 2 years only the leaf blade, minus the 
midrib, was removed from the rest of the plant. This change was 
made so that small strain differences could be determined more ac- 
curately. Leaf blades are relatively homogeneous tissue which contain 
65 to 80 percent of the carotene and only about 10 percent of the total 
dry weight of the entire plant. 

Each year the two fractions were separately chopped into \- to \- 
inch pieces with a Gehl ensilage cutter. Chopping rather than grind- 
ing was used because, as the values in table 1 show, there is a consider- 


TABLE 1.—Carotene concentration of chopped and ground corn leaf samples 





Method of preparation 
Description of sample Ch Chopped and 
opped 
(% to Yeinch then ground 
lengths) (electric meat 
: ‘ grinder) 


Micrograms | Micrograms 
per gram per gram 
4 208 
oc pnb anndababecevnuaiotiuatoneiacewie 286 264 
227 199 

575 264 

Field-grown single hybrid - RE A eS Ee eR Sm ee 463 323 
269 





Wisll-eeown eweet orn. .......=..-..--3-2.-..--.-2-22.2.2-- Ee eee 611 274 





able loss of carotene from green corn plants when the latter method is 
employed. 
EXTRACTION OF CAROTENE 


After cutting, each fraction was weighed, mixed thoroughly, and 
duplicate 50-gm. leaf samples and a single 100-gm. sample of the 
remainder material were taken for carotene analysis. Duplicate 
100-gm. samples of each fraction were also taken for moisture determi- 
nations. The samples for carotene analyses were immediately intro- 
duced into extraction flasks and covered with hot alcohol in order to 
avoid the rather slight destruction of carotene which was found to 
occur when cold alcohol was used or when the samples were allowed 
to stand before the addition of alcohol. 

Removal of carotene from the leaf samples was accomplished in 
three successive extractions by refluxing with 300 to 400-cc. portions 
of 95-percent ethyl alcohol and decanting the extracts. Samples of 
the remainder of the plant were extracted three times with 200 to 
300-cc. portions of alcohol. - Negligible quantities of carotene were 
removed by further extraction. 


STORAGE OF EXTRACTS 


The volume of the combined extracts of each sample was measured 
and a 25-cc. aliquot was taken for carotene and xanthophyll determi- 
nations. A 10-cc. aliquot was also taken for chlorophyll determina- 
tion. The 25-cc. aliquot was introduced into a small bottle (capacity 
200 to 250 ec.) and 5 cc. of 10-percent alcohol KOH was added. The 
solution was saturated with nitrogen, the bottle stoppered, and the 
sample stored in the dark at —5° C. until analyzed, from 1 to 6 months 
later. The data in table 2, which refer to longer storage at a higher 
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temperature, support the belief that there was no loss in carotene 
content during the storage period. 


TaBLE 2.—Stability of carotene during storage of alcoholic extracts of corn} 





Analyses 





performed 


immediately 








Analyses 
performed 9 
months after 


| ee extraction 

| 

| Micrograms | Micrograms 

| per gram per gram 
Golden Glow | 70 72 
945 ‘ La 2 | 79 72 
570... | 61 55 
525 : ans 63 70 
Funk hybrid 235 _- | 103 108 


1 The alcoholic extracts were stored under Nz at room temperature in the dark, and contained KOH. 
SEPARATION AND DETERMINATION OF CAROTENE 


Carotene and xanthophyll were removed from the alcohol solution 
by diluting with 30 cc. of water and shaking with 15-cc. portions of 
Skellysolve B until the latter removed no more color. The combined 
Skellysolve B fractions were washed once with 30 cc. of water and 
then extracted with 15-cc. portions of 85-percent ethyl alcohol 
until the latter came off colorless. The Skellysolve B solution con- 
taining the carotene fraction from the leaf material was made to 100 cc. 
In the case of the stalk material, which was much lower in carotene, 
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MICROGRAMS OF @-CAROTENE PER CUBIC CENTIMETER 
FIGURE 1.—Curve showing absorption of light by 6-Carotene in Skellysolve B solution. 


the Skellysolve B solution was diluted to 50 cc. The dilution factor for 
the calculation was therefore 2 instead of 4 as given in the formula 
below. The pigment content of the Skellysolve B solutions was 
determined with an Evelyn photoelectric colorimeter equipped with 
a 440 yu filter. The results were expressed in terms of micrograms 
of carotene per cubic centimeter by interpolation of the Evelyn 
readings on a previously constructed standard curve (fig. 1). A 
Skellysolve B solution of pure B-carotene® was used to obtain this 
curve. 


5 Obtained from General Biochemicals, Chagrin Falls, Ohio. 
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In order to determine whether any carotene was being destroyed 
during the analysis, Skellysolve B solutions of carotene were allowed 
to stand ar to light and air at room temperature for a period of 
29 hours. From the data in table 3 it can be seen that there was no 
loss in carotene during that time. 


TABLE 3.—Stability of carotene in Skellysolve solutions exposed to light and air at 
room temperature 


Evelyn galvanometer read- 
| ings 
Strain or variety Spam ERED RR aia ee area 
Original Value after 








value | 29 hours 
Golden Glow. ‘ed i | 82.8 | 2.8 
Kio X Mis-- ; 3 | 72.3 | 72.3 
8-29 X Aas = 78.3 77.5 
14 oma . : | 77.5 78.0 
eee 2 < lai ou 6 : A eaal 78.3 78.3 
_ eee ; awatbcnes Ss Peed 84.5 84.5 
| 





The amount of carotene per gram of dry matter was calculated by 
the following formula: 


Micrograms of carotene per cc. X 4 X total volume of extract 


grams of dry.weight of the sample 





All the results in the following sections are expressed on the dry 
basis and unless otherwise stated refer only to leaf material from which 
the leaf sheath and midrib were removed. 


RESULTS 
DISTRIBUTION OF CAROTENE IN THE CORN PLANT 


To determine the variation in the carotene concentration of dif- 
ferent parts of the plant separate analyses were made on the leaves, 
stalks, husks, and ears of one strain. The values in table 4 show the 


TABLE 4.—Carotene concentration in different parts of the corn plant 


a om 
| Fraction of total dry weight 
at— 





| 
| Carotene content at— 
| 


Part of plant ! 


| 
| ny 7 de | 7 , , 
| Anthesis Early dent | Anthesis Early dent 








| | stage stage 
| Micrograms Micrograms | 
‘ pergram | per gram Percent Percent 

er ees Ea aaa Sey 836 359 | 9 | if 
ee diate aoe 53 8 91 
Husks_____- SR ae ET a Se Nie 10 93 
eee ee aa eee heap sadeketer ale ER ar ee | 7 << 

| | 





1 The analyses were made on strain Ry. 


concentration of carotene and the percentage of the total dry weight 
present in these parts of individual plants at two stages of growth. 
The carotene concentration is so high in the leaves that they contain 
about two-thirds to three-fourths of the total, although comprising 
less than one-tenth of the dry weight. 
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Sprague and Curtis (13) made analyses of different leaves on the 
same corn plant and reported that carotene decreased rather regu- 
larly from the uppermost to the lowest leaves. The writers repeated 
this experiment with three of their own strains and found the lowest 
carotene concentration in the uppermost leaf of the plant in two of 
the three analyses made. The results are shown in table 5. 


TABLE 5.—Carotene concentration of different leaves from the same plant 











Strain Stage of maturity Position of leaves ! _—— 
Micrograms 

per gram 
ct  § (ae Sucaheeede 547 
Single hybrid No. 1__. Late silk 145 — 6 3 ccateeade 730 
Oni cacncakubenason 800 
asain again 474 
Single hybrid No. 2...........| Medium milk Se Bae YN 615 
8 and 9 : Souswuauie 559 
cc twocdceicacud 593 
Oe a il cece Late silk _- iesiatin le cinlcecedoclge \3 a : idee earls Ped 
_.__ NR ee 573 














1 Counting from top to bottom. 





Further analyses were made to determine whether there is a 
difference in the carotene concentration of the tip and basal portions 
of the same leaf. The blades of two or three leaves were cut trans- 
versely, and the two halves were analyzed. The results, given 
in table 6, show that the differences were rather slight. 


TABLE 6.—Carotene concentration in tip and basal portions of the same leaf 











Carotene content 
Strain Stage of maturity | 
| Tip half Basal half 
| Micrograms | Micrograms 
. | pergram | per gram 
Gene Mytield No, 22... 2-2. ---..2:..: (Lae nes eee Sere | 613 6 
SEE. | 411 424 
Single hybrid No. 2...............------ OES GR aaa | 463 460 
OS ee | 499 477 
PEs ao Le ae ee ae ETS Very Gariy milk. .................- | 458 74 





EFFECT OF GENETIC AND ENVIRONMENTAL FACTORS ON THE CAROTENE CONTENT 
OF CORN PLANTS 


STRAIN DIFFERENCES 


In 1940, at the early dent stage of maturity the leaf blades of 25 in- 
bred strains were found to range in carotene concentration from 
213 to 544 micrograms per gram and the remainder of the plant 
from 6 to 24. To determine the statistical significance of such strain 
differences, analysis of variance tests were performed on the results of 
analyses made on these strains at anthesis and at the medium dent 
stage of maturity. Table 7 summarizes the results of the tests and 
shows that the variance between strains is highly significant at both 
stages of development. 
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TABLE 7.—Analysis of variance table to test the significance of strain differences in 
carotene concentration of leaf blades 


STAGE OF DEVELOPMENT—ANTHESIS 


Degrees of | Sum of Mean 








! 
Variance | freedom Squares | square | ee | F (05) ! 
WAthtinmieegtre Uke not oe es | 25 12, 214 | i> | Saas ee a Rae ee 
ROU WINNL IIE, cg ao cncdcwewonhannncccete | 24 560, 940 23, 373 | 2 47.8 | 1. 96 
0 Se eee ee Pee 49 | ~~ 873, 154 | Oe |S NER Eo RY 
A Ea a | eee Ss) | 
STAGE OF DEVELOPMENT—MEDIUM DENT 

Pe mt a Cre, a if ; a sea | Sue a reel x 
|, ee ee EE | 27 23, 017 | Ea RS Pe Rael efor 
1 sas ieee | 26 | 1,082,386 | 39, 701 | 46.6 1.92 


1 ASE NE i ke eae ne eS eee | 53 ! “1, 055, 403 | Piniisgudinn tad onghciibege | : 


! Ratio of variance. 


Calculations of the total carotene, dry weight, and carotene con- 
centration per plant of individual strains harvested at the medium 
dent stage were also made. The results, which are summarized in 
table 8, show that the strains differed greatly. Similar ranges were 





found in the other 3 years in which the same analyses were made. 
















TABLE 8.—Carotene and dry weight content of inbred, single, and double hybrid 
strains of corn at the medium dent slage of maturity in 1940 


Strains | 1c arotene concentration | 
sine | Range of 
| |} carotene | 








Dry weight 
per plant 








Type | Number | perplant | Entire | Leaf i 
YI analyzed | | plant blades 

aod -| 

| Micrograms | Micrograms | 

| eee ey | per gram per gram | Grams 
GE LEE ee ae ae A eee | 27 3.4-14.1 | 20.5-75.1 167-503 | 114-261 
Single hybrid eat 18 7. 1-29. 2 | = 33. 6-73. 0 246-529 172-458 
Se io ceaccicnnswnsebaeknces | 30 9. 7-17. 5 | 

| | 





29. 2-76. 0 | 210-690 | 205-364 
| | 





STAGE OF Maturity 


In order to learn something of the variation in carotene content of 
corn plants with age, large plantings of nine strains were made in the 
summer of 1940, and samples were taken at definite intervals through- 
out most of the growing season. The results are summarized graph- 
ically in figures 2 to 5. Each graph represents average values for the 
nine strains, except those in figure 2, A and B, where the values for 
each strain are shown separately. 

The concentration of carotene in the leaves reached a sharp peak at 
78 days after planting, when the plants were shedding pollen, but 
the concentration in the entire plant dropped steadily throughout 
the period studied. The total carotene content of the entire plant, 
on the other hand, increased rapidly to a high level at 68 days, and 
then remained more or less constant until near the end of the season, 
when it also fell off sharply. The total carotene produced per acre in 
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comparison with the total yield of silage at different periods of harvest 
is shown in table 9. It is obvious that large loss of carotene occurs 
if the harvesting is delayed until the late dent stage. 

810 ee ss eernen eee 

780+ 

750+ 





720}- 


690 }- 
| 
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oa 

a 

o 
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PER GRAM 


MICROGRAMS OF CAROTENE 





\ ul ! \ 
98. 108 848 56 68 76 
DAYS FROM PLANTING 


Figure 2.—Carotene concentration in the leaf blades of (A) five strains of corn 
grown in 1940 and (B) four additional strains grown in 1940: a, Iowa single 
hybrid sweet corn; b, Country Gentleman sweet corn; c, inbred 153; d, inbred 
3408; e, single hybrid 3 x 26; f, inbred 6; g, inbred 26; h., inbred 3; 7, inbred R19. 








88 98 108 18 


TABLE 9.— Yield of carotene and silage at different harvests (1940 season) 





| rs 

| | Yield per acre 
Strain or variety | 

| 

| 





Harvest ! | 
| Carotene | Silage ? 











| Grams Tons 
|{ First Ae Reg SULA Raga eR Oe Oe | 5 10.8 
ARLES. STENT SERN TORU Ses pee TE OE. |{Second.__ 255 12.3 
||Phird_” 134 12.8 
\{First_.... 166 sa ae 
RA Eee ETRE. 6 a ee {second 166 11.3 
|(Third 103 11.1 
aa ae 243 12.4 
tte aida udeed unica ono eu kenge qineeamunPeiae {second 230 14.1 
Third 93 14.2 
, 174 12.3 
DRS Nsi ee ies ion Sabb peti buon eb as hawks Ge |¢ Second 169 14.1 
Third 99 14.0 
eee 248 14.7 
PGs Lidks deena Sneak bh kauai wee d> dich anes Ancedunene {second 126 13. 2 
Third 99 15.2 
| 248 13.8 
Rg Sek ei og Stale ead Gel {seco 166 14.9 
Third a: 1ll 15.7 
RE Nee! 214 12.5 
Average of all strains and varieties_________- {second ee 185 13.3 
Third 107 13.8 














1 The first harvest was made at the early dent stage, the second at the medium dent stage, and the third 


at the late dent stage. 


2 The yields of silage are calculated to a 70-percent moisture basis. 
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As is well known, strains of corn can be classified according to the 
S number of days required to reach a specific stage of development. 
When a group of inbred strains was compared on this basis, it was 
found that with few exceptions those which required the longest time 
to reach anthesis averaged the most carotene (concentration of leaves 
and content of the entire plant) and those requiring the shortest 
period had the least. Those intermediate in carotene content were 
also intermediate in their growth period requirements. The data 
are summarized in table 10. It is questionable whether the higher 
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DAYS FROM PLANTING 


Figure 3.—Average carotene concentration of the nine strains for which data 
are shown in figure 2, A and B: a, Leaf blades; b, entire plant. 


carotene content of the slower growing strains is the result of the long- 
er growth period or is due to inherently higher carotene synthesis. 
The former seems more probable since the carotene concentration of 
corn leaves increases at a faster rate than the development of the leaf 
itself. Hence the carotene content of two strains having the same 
capacity for carotene synthesis would probably be higher in the one 
requiring the longer growth period to reach anthesis. 

That strains differ in their inherent capacity for carotene forma- 
tion seems fairly certain also, for when several strains which reached 
the same stage of development at the same time were compared 
684058—46——2 
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(table 11), it was found that they differed significantly in carotene 
content. Here the influence of external factors in producing strain 
differences was kept at a minimum. 

Table 10 also shows the decrease in carotene during the interval 
from anthesis to the early dent stage. It will be noted that those 
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DAYS FROM PLANTING 


Figure 4.—Average dry weight per eight plants of the nine strains for which 
data are shown in figure 2, A and B: a, Leaf blades; b, remainder of plant. 


strains requiring the longest growth period lost the most carotene. 
Whether this loss is correlated with the production of some specific 
substance in the plant has not been determined. Certainly the de- 
crease in carotene content is not proportional to the dry weight increase 
of a strain during the same growing period (table 12). 
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Fiaure 5.—Average total carotene content per plant of the nine strains for which 
data are shown in figure 2, A and B: a, Leaf blades; b, entire plant. 


TABLE 10.—Effect of length of growth period on the carotene concentration of corn 





























Interval Carotene in leaf | Interval Loss of carotene 
from plant- blades at anthesis from from leaf blades 
ing to Strains averaged ! anthesis Strains averaged ! pats 
anthesis to early 
(days) Range |Average} dent stage Range |Average 
Micro- Micro- 
Micro- | grams Micro- | grams 
grams per grams per 
er gram| gram Days , ‘ per gram| gram 
a 25; Mis; S. R. Mis; rs ot os 9; S. R. 23; 25; Mis; oo in 
73-77.......|{ am He Vsee-505 523 | 26-33...... ‘a }05-271 177 
S. R. 26; 8-29; 14; Ss. me ees ve on 3; 
FEB. ceca 375; 4362; 23; S. R. | 7535-736 620 | . 8. R. 26:14; Rs; A; 92-477 ‘ 
§ 23: Ry; A: 38. 36-00... Aw; 32; 374; 90; Hy; | {128-47 281 
Rg; 4391; 8; 4415. 
Aas; 32; WFo9; 374; . °. {8-29; 375; 4362; 38; } ” 
.* PRP teae { 90; Tr. , 535-701 619 | 42-51------}) Wipy- rtp: L317By, |f!49-574 306 
Hy; Rs; 1L317B2; ‘ 
WP aasnai (Yon: 8/4415 }e18-900 | 786 











1S. R.”’ denotes sun-red strain. 





180 Journal of Agricultural Research Vol. 72, No. 5 


TaBLE 11.—Differences in carotene formation among strains that reached the same 
stage of development at the same time peer ett 











Anthesis S | Early dent stage 
a igi: Fee | Strain ioe we ni ign 
Strain Interval from| Carotene con- Interval from|Carotene con- 
planting to centration of | planting to | centration of 
harvest | leaf blades | harvest leaf blades 
. — |——— tse. ts = 
| Micrograms | | Micrograms 
Days | per gram | | Days per gra * 
. } 618 | «. F 362 
Hy. ed 89 i = | a2 | 121 |{ od 
837 | 530 
Ru... 89 { a5 | Aw | 121 |{ = 
| 720 | sane | ‘ 320 
co Ss 89 { = | 4362 ae 121 |{ 4 
P | 900 | an | 96 378 
4391. 89 { a 374 | 122 |{ aaa 
| | abe 
L317B: iat 80 |{ BA | 90 122 |{ pod 
| 792 | | ~ 267 
4415... piss 80 |{ 0 | Bs | 122 |{ ona 
5 99 
| 8-29 124 |{ sr 
520 
° 2 
| 8 124 { 
RSE = tiene ahaa ae : 


| 
| 
| 
| 
i 


TaBLE 12.—Decrease in total carotene content of leaves and increase in dry weight of 
entire plant from pollen-shedding stage to medium dent stage of maturity 


| Carotene de- | Dry weight | Carotene de- | Dry weight 




















Inbred strain crease per | increase per \| Inbred strain | crease per | increase per 
plant | plant | | plant | plant 
| re Grams Milligrams | Grams 
25 2. 29 | 62 || Ags | 7.30 
Mis 3.40 | 65 || 32 5. 36 121 
Sun-red Mj3_- —. 63 55 || WFe 2.15 147 
2. 81 87 || 374 | 7.88 87 
Sun-red 3- | 1, 29 152 || 90 | . 84 74 
8-29.__..- | 4.42 69 || Tr. | 9.18 127 
i | 6.79 89 || Hy | 9.14 111 
375 | —2.15 130 || | 10. 30 110 
4362 5.21 135 || L3i7B: | 9.03 150 
23 J } 6. 49 94 | 4391 8.95 96 
Sun-red 23. ee 5.15 101 || 8 | 6. 37 106 
ie. = 5. 65 54 || 4415 -.| 15.00 66 
A... 5. 48 65 || Sun-red 26 ae 2.74 86 
38. | 9.75 | 
SEASON 


The carotene concentration of the leaves and of the entire plant of a 
strain and the total carotene content of the plant differed consider- 
ably when harvests were made at the same stage of maturity in two 
successive years (table 13). To test the significance of these differ- 
ences the results of analyses of the carotene concentration of the leaf 
blades of five strains at the early, medium, and late dent stages in 1940 
and 1941 were subjected to an analysis ‘of variance test. Table 14 
shows that the variance between years is highly significant. A similar 
test was also applied to eight siditional strains analyzed at the 


flowering and medium dent stages for the years 1940 and 1941, with 
the results shown in table 15. Again it is found that the carotene 
concentration of the leaf blades differs significantly from year to year. 
Tables 14 and 15 also show that of the three variables, strain, year, and 
stage of development, the last named affects the carotene concentra- 


tion of a plant most. The other two factors are about equal in their 
effect. 
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TABLE 13.— Carotene concentration of corn plants grown in 1940 and 1941 and 


Carotene Content of the Corn Plant 


_ harvested at the medium dent stage of maturity © 


Hybrid or variety 


603 
Golden Glow. 
Murdock 
645 
625 
640 
648 
675 
676 
680 
697 
z= gaa 322 









+4 
Iowa 13 
Funk 235 





Leaf blades 


















1940 ! 1941 ! 
Micrograms | Micrograms 
per gram per gram 
615; 607 479; 498 
480; 536 405; 404 
622; 605 
459; 459 
; 572 
; 498 
; 465 
; 405 
; 580 
; 454 
5; 330 
; 368 36 
; 412 3 
; 439 341; 350 
327 404; 402 | 
388; 431 | 
338; 364 | 
285; 288 288 | 
300; 322 | 
300; 292 | 
358; 358 | 
386; 488 | 
330; 387 480; 503 | 


Carotene concentration | 


i 


Entire sani 








| 
1940 1941 1940 1941 
Micrograms Micrograms | 
per gram per gram Milligrams | Milligrams 
76.0 | 59. 5 17.0 | 15, 2 
47.7 | 57.1 11.2 | 13.6 
69.0 | 39.5 15.7 | 10.4 
58.8 | 54. 8 16.1 | 13.0 
74.4 51.0 17.5 | 13.5 
60.0 35.8 14.6 | 11.6 
53.5 46.4 10.9 | 11.8 
50.4 23.5 12.6 | 5.4 
60.5 55.9 15.4 | 16.6 
49. 0 36.0 17.21 10.6 
45.5 | 73.1 13.8 | 16.9 
44.5 | 35. 6 13. 2 | 8.8 
43.9 | 29.8 10.0 | 9.9 
45.6 40. 2 13.6 | 10.8 
32.7 50.4 10.8 | 14.9 
38.3 32.7 13.9 | 10.8 
30.6 35. 2 9.8 | 9.2 
34.9 35. 0 10.5 | 10.9 
43.9 39.9 14.7 | 10.5 
42.4 36. 2 12.2 13. 1 
45.0 | 42.0 | 10.4 | 12.0 
37.8 | 44.1 | 11.0 | 13.6 
40.5 | 50. 2 | vie 12.7 


! Each pair of figures represents the results of duplicate analyses. 


TABLE 14.—Analysis of variance table showing the significance of seasonal varia- 
tion in carotene content of corn plants harvested at the same stage of maturity, 1940 


and 1941 


Variance 


Within strains_____.___._- 
Between strains___-...._- 
Between harvests 
Between years 


Strain X year interaction 
Harvest X year interactio 
Strain X harvest X year i 


Total 


| Ratio of variances. 


TABLE 15.— Analysis of variance table showing the significance of seasonal variation 
in carotene content of corn plants at flowering and medium dent stages, 1940 and 


1941 


Variance 


Within strains 
Between strains 
Between harvests 
Between years 


Strain Xharvest interaction ___- 


Strain Xyear interaction - 


Year Xharvest interaction __-_- 
Strain Xyear Xharvest interaction 


Total 


1 Ratio of variances. 


Strain X harvest interaction 





| Degrees of | Sumsof| Mean | F. 

| freedom | Squares | square | 

= " SS Nr ee i on accamest 

sacs on oe 7 21, 308 | 710 | 
Dog St oc oh eee 4 89, 699 22, 425 | 31 
anaes. oie 2| 282 403 | 141,202 | 198 
ae ee 1 | 41, 870 | 41,870 | 59. 
Ree Fi 8 | 49, 739 | 6, 217 8. 
on ons aaa 4| 58,274] 14,560] 20. 
i... oa 2] 29,908 | 14, 954 | 21 
nteraction.._.____- | 8 | 116, 345 | 14, 543 20. 

east | Ot GMB oii ea 








| Degrees of | Sumsof | Mean | Fi 
freedom squares | square | 
32 32, 672 | 1,021 
7 308, 399 | 44, 057 43. 
aN 1 1, 362,764 | 1,362,764 | 1,335. 
see 1 26, 122 | 26, 122 25. 
7 67,191 9, 599 9. 
oS AE See PIN Set | 7 26, 282 | 3, 740 3. 
re eee 1 7,679 7, 679 7. 
Ste 7] 18,914 1, 988 1. 
cee SR See 63 1, 845, 023 == hau eet 
| ' 











| Total carotene per plant 


| F (.05)! 

| Ree ee eres 
2 | 2. 32 

4.15 
6 4.15 
4 2. 32 
7 2.32 
5 4.15 
9 2. 32 











181 







































| F (0.05) ! 
| 
fl tee 
6 | 2. 69 
| 3. 32 
0 4.17 
8 2. 27 
5 | 2. 69 
0 | 3.32 
2. 27 
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PREVENTION OF POLLINATION 


Pollination was prevented in several strains by covering ear shoots 
with paper bags from the time of tasseling until pollinated sister plants 
in the same row were at the desired stage of maturity. The carotene 
concentration of the leaves of these pollinated and unpollinated plants 
is shown in table 16. From the results it is evident that the decrease 


TABLE 16.—Carotene concentration of the entire leaves of pollinated and unpollinated 
corn plants 





Carotene concentration at— 





| 

















Strain or variety Early dent stage | Medium dent stage 
Pollinated | Unpollinated | Pollinated | Unpollinated 
aS t 
Micrograms | Micrograms | Micrograms 
pergram | per gram per gram 

525 { 151 1132 | 101 108 
aa talc a Poe eae ne te ee 46 59 | 110 122 
63 77 74 67 
510... -.-------------0-0----2-0eeeeeee eee nenn en { 96 85 | 109 103 
143 100 lll 75 
GAS... --- 2-2-2 no enn eee e een enn eee e eee { 156 91 135 93 
95 59 88 51 
606... -- 2-22 ne a enna neeeenne een ene eee { 126 57 | il 52 

4 4 
Funk hybrid 235...............----------------- { ae i | a 4 

i Z 144 142 | 119 2 
Sony ocak up emake cstcacacneconkacs { 54 35 | 6 \ 0 

Lo 














1 Values given are for entire plant. aed 
? These plants were completely lacking in color and were not analyzed. 


in carotene concentration of leaves occurs independently of seed 
formation. Indeed, in some cases the leaf carotene concentration is 
much lower where pollination was prevented. 


Sucary CHARACTER 


It was found that the carotene concentration of the leaves of two 
sweet corn strains did not decrease in the later stages of development 
as in dent corn strains. This is clearly shown in figure 6. Other- 
wise the changes in carotene concentration were similar in the leaves 
of sweet corn and dent corn strains. 


Sun-Rep CHARACTER 


Sun-red strains of corn contain considerable amounts of anthocya- 
nin pigments whereas dilute sun-red strains have little. By crossing 
with a sun-red strain and then backcrossing to the original parent it 
is possible to select a sun-red strain which is almost identical in all 
other respects with the original non-sun-red (dilute) strain. The 
carotene concentration of the leaves of four such closely related 
strains were determined and are reported in table 17. It is apparent 
that the sun-red character has no effect upon the carotene concentra- 
tion of corn leaves, for sometimes the sun-red strains had more and 
at other times less carotene per gram of dry leaf tissue than homologous 
non-sun-red strains. 








Mi 
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MIGROGRAMS OF CAROTENE PER GRAM 
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240 F- 
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80: 
pee | l l l l l 
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DAYS FROM PLANTING 


Figure 6.—Carotene concentration in the leaf blades of various strains of corn 
during the 1940 season: a, An Iowa single hybrid sweet corn; b, Country 
Gentleman sweet corn; c, average concentration of six inbred and one single 

4 hybrid dent corn strains. 
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TaBLE 17.—Carotene concentration of sun-red and non-sun-red strains of corn, 
1939 and 1940 





Carotene concentration | Carotene concentration 
in 1939 ! at— | in 1940 ? at— 


Strain a cs es as aa 





Early dent Medium 


| warty dent | Medi 
Aautinade Early dent | Medium 


stage | dent stage | stage dent stage 









Micrograms | Micrograms | Micrograms | Micrograms | Micrograms 





pergram | pergram | per gram pergram | fergram 

eR ia eS ee ea 144 534 | 334 | 503 

| 159 508 | 336 | 467 
et Se ee, eee ne 14 | 526 | 368 | 300 

| 127 | 565 | 378 | 344 
Sa 50 | 50 | 572 428 378 
Sun red 26... -.------------------ i 72 | 50 | 581 | 399 | 378 
eS an ae 46 77 | oS eat, 283 
Non sun red 26......-.-.-------- i 60 | 84 | 7 SEs 9 | 296 
LA 127 | 70 532 | 405 375 
Sun red 3.....-..-.-------------- K 129 | 2 Ree 403 | 365 
a ks ceminwaininoaiis 65 es 366 





73 


Sun red 23 


Non sun red 23.-.--.------------ K 113 | 08 | 736 | 425 | 404 





1 Analyses were made on entire leaf (sheath and blade). 
2 Analyses were made on leaf blade only. 


NuMBER OF PLANTS PER HILL 


The effect of the number of plants per hill on the carotene content 
of corn is an important practical question. Table 18 shows the con- 
centration of carotene in the leaf blades and the entire plant and the 
total carotene content per hill when two, four, and six plants were 
grown in hills 3 feet apart. The six-plant hills produced over twice 
as much carotene as those of only two plants. 








TABLE 18.—Effect of number of corn plants per hill on carotene concentration! 





| 








Carotene concentration— | se ef ~— 
Strai | Plants | I Total 
, No OBIS areca aaecr arse trae bp ae aaa pron a | carotene 
hill | Leaf Entire Leaf | Remainder per hill 
| blades | plant | blades of plant | 
| SS a = - atin meet Gr eemesenensinaee 
Micrograms Micrograms | 
per gram | per gram | Grams Grams Milligrams 
2 { 465 i} 40 51 825 35. 0 
| 504 | | 
\J 400 | 111 1220 55.9 
625.....--------------- 4 i 363 I 42 | | | 
| 388 | | 151 1330 | 81.5 
6 it 443 \ $5 | | 
378 -'t 69 885 | 31.5 
2|{ 333 al | 
267 | 108 1190 | 38. 9 
006..--.-------------- |{ 201 | 30 | | 
Q } 58 1660 63. 6 
6 { on } 35 | | 








1 Analyses were made on plants at the medium dent stage of development. 
RELATION OF CAROTENE CONTENT OF INBRED AND Hysrip STRAINS 


It is desirable to know whether one can predict the carotene content 
of a hybrid from that of its inbred parents. Table 19 presents data 
which give information on this question. It is evident that a predic- 
tion of a hybrid’s carotene concentration can be made with only a 
slight degree of accuracy from the data on the parent inbred strains. 
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It will also be noted from table 19 that hybrids had a much higher 
average carotene concentration than inbreds at the medium dent 
stage. It is not certain whether this is a reflection of the practice 
of selecting hybrids retaining much of their color at the later stages 
of maturity or whether it is a definite result of hybridization. Cer- 
tainly the higher content per plant is largely traceable to the latter 
factor since a hybrid has a greater weight of leaves per plant than 
either of its inbred parents. 


TABLE 19.—Carolene content of hybrids and their inbred parents 


Carotene concentration of— 
Total carotene 
content per plant 


| 
| 


mae Paves Entire plan 
Strains Leave tire plant 


Hy- | Inbred | Hy- | Inbred Hy- | Inbred | Hy- | Inbred 
brids! | parents ! brids ? | parents? | brids? | parents ? brids ? | parents ? 
‘eens aan 

| 


| | | | 
| Micro- | Micro- Micro- | Micro- Micro- | Micro- | 
| grams | grams grams | grams | grams | grams | Milli- | Milli- 
| per gram| per gram | per — Fed wend | per a | grams gra ” 
a 586 5 | 3352; 322 | 73.0 |351.0; 42. £ 2 eS 
es ‘50% 385 | 50.5 | 44.1: 39.4 
| 606 792; 7 F 53. 55. 9; 52.5 
455 | 46.6 | 35. 5; 38. 2 
615 , oe 48. 2 . 5; 38. 
625 | 400; 322 | 65.9; 42. 
608 3 352; 400 0; 65. 
623 | 639;632| , § | 376; 258 38. 0; 38. 
| 
| 
| 


er 


322; 258 


weeorneSs 
he) 


679 299; 361 
624 | 376; 290 
553 180; 286 
565 377; 258 
546 255; 258 


PSUNSOSCPH Ms 


HH NSt 
wnwute moor th 


— 


589 f 382; 255 
665 776; 6 5 286; 349 
; 66 j 383; 361 

553; 627 55; 
719; 622 


= 
RK Ome nwNw No wDNwNNwhwhnws 


RN POR RR ee COWRA 








| Plants were analyzed at the pollen-shedding stage of development. 
2 Plants were analyzed at the medium dent stage of development. 


3 The first figure in this column refers to the first inbred strain given in column 1; the second figure refers 
to the other inbred parent. 


DISCUSSION 


It is evident that a large variety of both hereditary and environ- 
mental factors influence the quantity of carotene produced by a 
particular corn plant. Other things being equal, the total yield of 
the pigment depends primarily on the stage of maturity at which the 
crop is harvested. It appears that the optimum time of harvest 
with respect both to total dry weight and total carotene comes for 
most strains at the medium dent stage of development, while most 
of the plants are still reasonably green and succulent. Delay beyond 
this time results in a large loss of carotene without much compensat- 
ing increase in total yield of silage (table 9). It may well be also 
that the nutritive value of the crop with respect to other labile com- 
ponents is higher while the plants are still green. 

Since carotenoid pigments normally accumulate in the ear after 
pollination, it was thought that the great drop in the carotene concen- 
tration in the leaves, usually observed following the pollen-shedding 
stage, might be avoided if pollination were prevented. Such, how- 
ever, was not the case. The drop in carotene in these experiments 
was as great or even greater than when pollination was allowed to 
proceed normally. 
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At a given stage of maturity most strains were found to differ 
widely in successive years. The most striking illustration of this fact 
was provided by the analytical results secured on plants grown in 
1939, which on the average contained only about one-half as much 
carotene as those grown in 1938. The 1940 results were intermediate 
between these two. Since 1939 was a season of relatively low rain- 
fall at Madison (9.76 inches from May 1 to October 1 vs. 26.1 inches 
in 1938 and 18.7 in 1940) there is a strong indication that a liberal 
moisture supply favors high carotene preduction. 

Another environmental factor, namely, the number of plants grown 
per hill, also was found to have a considerable influence, at least on 
the total amount of carotene produced on a given area of land (table 18). 
Although no attempt was made in this work to study such variables as 
temperature, light intensity, soil fertility, and the like, there is little 
doubt that these factors likewise have their effect. 

Genetic make-up also must be credited with a considerable influence 
on the carotene content of corn plants. In geieral, inbred lines, as 
might be expected, were found to elaborate less carotene than hybrids. 
Those strains which required a longer time to reach anthesis showed a 
higher pigment content than more rapidly developing strains. Al- 
though the various strains did not remain in the same relative order 
at the same stage of maturity in successive years, about 75 percent 
of them remained in the same relation to the average for the entire 
group at each harvest (i. e., either above or below the average). 
Furthermore, a few hybrid strains, notably 525, 645, and 531, were 
found to be consistently among the high carotene groups for 1939, 
1940, and 1941. Efforts to correlate the carotene content of various 
hybrids with that of their inbred parents, however, were not particu- 
larly successful (table 19). Likewise the presence or absence of the 
sun-red gene has almost no effect. In general it seems that the amount 
of genetic variability with reference to this constituent of the corn 
plant is not sufficient to justify efforts, for the present at least, to- 
wards breeding corn for higher carotene content. 


SUMMARY 


The concentration of carotene in corn plants is 20 to 50 times 
higher in the leaf blades than in the remainder of the plant. Stalks, 
ears, and husks all have about the same concentration, at least in the 
early dent stage of growth. 

Concentration of carotene in the leaves reaches a peak at the pollen- 
shedding stage and then declines rapidly. Prevention of pollination 
by bagging the ear shoot did not prevent this drop. The total caro- 
tene content of the plant, however, remains relatively constant until 
near the end of the growing season, when it also falls sharply. 

The optimum period for harvesting with respect to total yield of 
both carotene and silage comes for most strains at the medium dent 
stage of maturity. 

Significant differences in carotene content between stocks, both in- 
bred and hybrid, exist, but are small relative to those associated with 
stage of development of the plant and with seasonal factors. 

Data on two strains suggest that sweet corns may retain a relatively 
high carotene content as the season advances. 

— sun-red gene does not influence the carotene content of corn 
plants. 
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LEAF ‘ELONGATION AND FRUIT GROWTH OF THE 
DEGLET NOOR DATE IN RELATION TO SOIL-MOISTURE 
DEFICIENCY! 


By W. W. Aupricu, principal pomologist, C. L. CRAWFORD, senior scientific aide, 
and D. C. Moors, formerly senior scientific aide, Division of Fruit and Vegetable 
Crops and Diseases, Bureau of Plant Industry, Soils, and Agricultural Engineer- 
ing, Agricultural Research Administration, United States Department of Agri- 
culture 2 


INTRODUCTION 


Successful date growing in the United States is confined largely to 
the desert valleys of California and Arizona, where air temperatures 
in summer fluctuate from minima of 70° to 90° F. to maxima of 95° to 
116° or more. With these high temperatures, together with low 
relative humidity, soil moisture is rapidly depleted by the date palm 
(Phoenix dactylifera L.) and for successful date production it must be 
frequently replenished by irrigation. Since the palm does not ex- 
hibit any easily observed symptom of water shortage, such as leaf 
wilting, it frequently suffers from soil-moisture deficiency for many 
weeks without the grower’s knowing it. 

For this reason an investigation was begun in 1938 at the United 
States Date Garden, near Indio, Calif., to find (1) a simple method of 
detecting when a date palm is being influenced by a deficiency in soil 
moisture and (2) the extent to which a temporary deficiency in soil 
moisture may influence fruit size and quality. The systematic meas- 
urement of elongation of recently emerged leaves, originally used by 
Mason (6)*and later tested to a limited extent by Pillsbury (10), was 
carefully studied. The details of the technique which was finally 
developed, together with a discussion of factors other than soil mois- 
ture that affect the rate of leaf elongation, have already been reported 
(2). 
The effects of soil-moisture deficiency during the summer upon 
fruit development in relation to rate of leaf elongation were deter- 
mined in four experiments, from 1939 to 1941, each experiment in a 
different planting of bearing Deglet Noor palms. The difficulties 
involved in obtaining suitable palms with a satisfactory supply and 
distribution of irrigation water made replications of treatments in 
any one experiment impracticable. Soil-moisture deficiency was ob- 
tained in experimental plots by omitting regular irrigations for a 
single period of 5 to 10 weeks, but applying at all other times the same 
irrigation (3 to 9 acre-inches every 10 days) as in the control. In all 
experiments plot A was the frequently irrigated control and plots B, 
C, and D had soil-moisture deficiencies in late June and early July, 


! Received for publication July 26, 1944. 

? The writers appreciate the cooperation of H. V. Cavanagh and Kenneth Peck, 
who kindly furnished parts of their commercial gardens for field plots. 

3 Italic numbers: in parentheses refer to Literature Cited, p. 200. 
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in late July and early August, and in late August and early September, 
respectively. The measurements of average fruit growth and average 
rate of leaf elongation for each plot were based upon 3 to 6 palms. 
Fruit growth was measured by determining fresh and dry weights per 
fruit in weekly collections of 60 to 96 fruits per plot. In order that 
all fruits might be relatively uniform in development they were se- 
lected only from bunches known to have been pollinated within a 
14-day period in the spring. 


RATE OF PALM LEAF ELONGATION IN RELATION TO SOIL 
MOISTURE 


To substantiate preliminary results obtained in 1938 (7), indicating 
that the rate of leaf elongation is a sensitive index of the extent of 
water deficit in the palm, rate of leaf elongation in relation to soil 





Figure 1.—Ten-year-old Deglet Noor date palms in plot C of the Cavanagh 
garden on June 4, 1940, being irrigated at the rate of 0.5 cubic foot per second. 


moisture was carefully studied in four plots in the Cavanagh garden 
in 1940. Vigorous 10-year-old palms irrigated by flooding (fig. 1) 
were used, and one guard row of palms was left between the plots. 

The soil, apparently an Indio very fine sand, with no uniform 
horizons but with strata of silt of varying thicknesses at different 
depths below the soil surface, is representative of a large proportion 
of the better date soils. Approximately 3 to 4 acre-inches of water 
was applied at each irrigation during May and early June and 7 to 
9 inches thereafter. Some of this water moved laterally into the 
unirrigated middle. The average soil moisture per plot was based on 
a sample of the composite of all soil at each foot depth removed by 
a soil tube at 12 locations per plot, usually taken the day before and 
the day after each irrigation. The rate of leaf elongation was based 
upon measurement of 2 leaves every 2 or 3 days on each of 6 palms 
per plot. 
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LEAF ELONGATION WITH FREQUENT IRRIGATION 


The frequent irrigation of plot A (control) was representative 
of commercial plantings using as much as 12 to 14 acre-feet of water 
annually. After June 25 each irrigation increased the percentage 
of soil moisture in each of the top 5 feet to more than twice the mois- 
ture-equivalent values (table 1). The average percentage moisture 
content was usually still above the moisture equivalent the day before 
the next irrigation. The average rate of moisture decrease between 
irrigations for the top 6 feet, expressed as volume of water, averaged 
0.121 acre-inch per day per foot depth of soil, or a total of 7.26 acre- 
inches in the top 6 feet during 10 days. 

The rate of leaf elongation (fig. 2) in plot A between May 10 and 
October 17 fluctuated between 3.6 and 5.3 cm. per day. The tempo- 
rarily low rates of elongation during the summer coincided with hot, 
dry weather and the temporarily high rates with cooler or relatively 
humid weather. The minima in rates in plot A during hot, dry 
weather are interpreted as indicating slight water deficits in the palms 
when transpiration from the leaves exceeded the water supplied by 
the roots. Minimum rates were frequently followed immediately 
by relatively high rates, probably resulting from resumption of turgor 
of enlarging leaf tissue, augmenting normal growth. 


TABLE 1.—Soil-moisture constants and volume weight of soil in plot A (control), 
Cavanagh garden, 1940 











Wilting range 2 
: Moisture Volume 
Soil depth (feet) equivalent! | First perma-| Ultimate weight 3 
nent wilting wilting 
point point 
| Grams per 
cubic centi- 
Percent Percent Percent meter 
Te niin a So al ci Spain acini oiowl oe 3.0 2.3 1.43 
ee ns Sh ea ae 5.4 2.6 1.9 1. 36 
RS il he etna mene 6.7 3.0 1.9 1.39 
ee ne eA ee eu cane eae eeuns 4.9 2.2 1.7 1.39 
ag oe a cdamiuu ie wlan 4.0 2.1 1.5 1.30 
RR a eee oo eke 7.0 2.7 z2 1, 22 

















1 Determined by J. R. Furr and J. O. Reeve. 
2 Determined by Furr and Reeve by the method which they have recently described (4). 

. eae weight (also called apparent specific gravity) is dry weight of soil per unit volume of soil in the 
eld, 


Immediately after irrigation of plot A on May 23, June 14, July 23, 
and September 17, the rate of leaf elongation became appreciably 
greater than just before irrigation. Similar increases were observed 
by Pillsbury (9) and Moore and Aldrich (7). Apparently just before 
irrigation the rate of movement of moisture from the soil into the palm 
was frequently not sufficient to prevent a slight to moderate water 
deficit in the palm, but immediately after irrigation the increased 
water content of the soil in contact with the roots accelerated the rate 
of water movement into the palm to such an extent that the growth 
or turgor of cells active in leaf growth was increased. However, for 
comparison with the appreciable water deficits of palms in plots B, 
C, and D resulting from the omission of irrigation, the palms in plot A 
are considered a satisfactory control. 
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Ficure 2.—Relation of rate of leaf elongation to average soil-moisture percent- 
ages, just after and just before irrigations in plot A (control), and in plots 
B, C, and D when appreciable water deficits in the date palm were indicated. 
Plot A was irrigated about every 10 days. In plot B irrigations were omitted 
from May 14 to July 4, in plot C from June 26 to August 7, and in plot D from 


August 3 to September 17. The top 2 feet of plot B was accidentally wet on 
June 14. 
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LEAF ELONGATION IN RELATION TO SOIL-MOISTURE DEFICIENCY 


As stated previously, irrigations were omitted in plot B from May 14 
to July 4 (except that the top 2 feet was accidentally wet on June 14), 
in plot C from June 26 to August 7, and in plot D from August 3 to 
September 17. The rate of leaf elongation in plots B, C, and D became 
slower than that in plot A (fig. 2) when the average soil-moisture 
percentage decreased below the moisture equivalent and approached 
the wilting range (4) (as determined for the soil in plot A). In general, 
as the rate of soil-moisture decrease became slower the rate of leaf 
elongation in plots B, C, and D became progressively lower than that in 
plot A. By the time the curves for soil moisture had become nearly 
horizontal, indicating that the soil moisture was in the wilting range 
and that moisture extraction by the roots was extremely slow, the rate 
of leaf elongation had decreased below 2 cm. aday. Probably at such 
times most of the soil moisture that was available to the palm was at 
depths below 6 feet. These results, together with those obtained 
earlier (7), indicate that a prolonged decrease in rate of leaf elongation 
below that of adjacent adequately irrigated palms is evidence of soil- 
moisture deficiency causing an appreciable water deficit in the palm. 
Wadsworth (11) obtained somewhat similar results with sugarcane 
plants. 

After the resumption of irrigation in plots B, C, and D the rate of 
leaf elongation increased, but not to within 0.5 cm. per day of that in 
plot A until about 2 weeks had elapsed. During these 2 weeks soil 
moisture must have been available to the roots, so either a delay in 
water movement into the roots and from there to the crown of the 
palm or a delay in resumption of division or enlargement of cells at 
the base of each growing leaf must have been retarding leaf elonga- 
tion. Such influences retarding leaf elongation will be considered as 
a part of the appreciable water deficit in the palm resulting from soil- 
moisture deficiency. Thus a period of appreciable water deficit will 
be considered as extending from the time when reduced rate of leaf 
elongation is first detected to the time when the rate is again within 
0.5 em. per day of that of adjacent adequately irrigated palms. 

The data relating rate of leaf elongation to soil moisture indicate 
that equivalent soil-moisture deficiencies (as measured by rate of soil- 
moisture decrease near or in the wilting range) in late summer and in 
midsummer, respectively, caused about the same reduction in rate of 
leaf elongation. Therefore, in experiments where soil moisture was 
not measured, it has been assumed that equivalent reductions in rate 
of leaf elongation (as compared with that in the control plots) indi- 
cated equivalent soil-moisture deficiencies. 


EFFECTS OF APPRECIABLE WATER DEFICIT IN THE PALM 
FRUIT DEVELOPMENT 


To understand the influence upon fruit development of soil-moisture 
deficiency at different times during the summer, it was necessary to 
determine the curves for both fresh- and dry-weight increases of the 
fruit. Such weight curves were satisfactorily obtained in the pre- 
viously described Cavanagh plots in 1940, in similar plots in the Cava- 
nagh garden in 1939, in two plots in the Peck garden in 1940, and in 
somewhat similar plots at the United States Date Garden in 1941. 
Since the observed effects of appreciable water deficit in the palm 
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upon the fresh and dry weights of the fruit were essentially the same 
in each of the experiments, only the curves for the 1940 Cavanagh 
plots, for which soil-moisture data have already been given, are pre- 
sented (fig. 3). 

The curves in plot A show characteristic changes in the fresh and 
dry weights of the fruits throughout their growth period. Long (5), 
who studied the anatomy of fruits from the United States Date 
Garden experiment in 1941, found the relatively slow increase in fresh 
weight in late April and early May to be characterized by rapid cell 
division throughout the fruit and by rapid cell enlargement in the 
apical and median parts; the rapid fresh-weight increase during June 
and early July to be due almost entirely to cell enlargement, with 
cell division only in the basal part of the fruit; and the declining 
fresh-weight increase during late July and early August to be the 
result of cell enlargement only in the basal part of the fruit. The 
decrease in fresh weight per fruit during September is the result of a 
characteristic decrease in water content of Deglet Noor fruit just before 
final ripening. The rapid increase in dry weight during August and 
September is, according to Rygg,* largely the result of sucrose accumu- 
lation in the fruit. 

The magnitude and duration of the appreciable water deficits in 
the palm are indicated (fig. 3) by the extent and length of time that 
the rate of leaf elongation in other plots is below that in plot A. 
When the rate of leaf elongation in plots B and C, respectively, dropped 
more than 0.5 cm. per day below that in plot A, the rate of increase in 
fresh weight of fruits in plots B and C almost immediately dropped 
below that of fruits in plot A. The rate of dry-weight increase, how- 
ever, was not immediately reduced proportionally so much as the 
rate of fresh-weight increase, with the result that the percentage water 
content of the fruit (data not given) was temporarily reduced. After 
the resumption of regular irrigation in plots B and C the fruit remained 
smaller than in plot A, indicating that the reduced increase in fresh 
weight during the period of appreciable water deficits in the palm 
must have been largely due to a restriction in the total number or size 
of cells and not just to a reduction in water content of the fruit. 

Delayed effects of the appreciable water deficit in the palm in plots 
B and C occurred in late summer, after the resumption of irrigation 
had resulted in about the same rate of leaf elongation in plots B and C 
as in plot A. The principal delayed effect was the slower rate of dry- 
weight increase of the fruit in plots B and C than in plot A during 
late August or early September. This could have been due to the 
effects of the appreciable water deficit in the palm in reducing the 
number or size of cells in which the dry matter could accumulate, 
in reducing the stored carbohydrates (1) available for this dry-matter 
accumulation, in reducing the efficiency of the vascular bundles for 
carbohydrate transport, or in modifying the enzymatic or proto- 
plasmic nature of the cells. Associated with the slower rate of dry- 
weight increase in plots B and C was an approximately 2 weeks’ 
earlier softening of the fruits than in plot A. 

An additional delayed effect of appreciable water deficits in the 
palm in midsummer was observed in plot C in the 1940 experiments 


4Ryac, G. L. COMPOSITIONAL CHANGES IN THE DATE FRUIT DURING GROWTH 
AND RIPENING. U.S. Dept. Agr. Tech. Bul. 910. 
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Figure 3.—Fresh and dry weights per fruit in relation to appreciable water defi- 
cits in the date palm as indicated by rate of leaf elongation, Cavanagh garden, 
1940. (Complete curves are presented for plot A, control, but curves for 
plots B, C, and D are presented only when soil-moisture deficiency caused 
measurable deviations from curves for plot A.) In plot B irrigation was omitted 
from May 14 to July 4, in plot C from June 26 to August 7, and in plot D from 
Pay 3 to September 17. The top 2 feet of plot B was accidentally wet on 

une 14. 
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in both the Cavanagh and Peck gardens. Early in September im- 
mature fruits in plot C began to loosen from the perianth and drop, 
and by the middle of September about 23 percent of the fruits (by 
weight) had dropped in Cavanagh plot C and about 35 percent in 
Peck plot C. However, this effect of appreciable water deficits in 
July did not occur in the 1939 Cavanagh experiment or in the 1941 
United States Date Garden experiment. 

In plot D, where appreciable water deficits in the palm occurred 
when cell enlargement had ceased and dry weight (mostly sucrose) 
was increasing rapidly, the rate of dry-matter accumulation was 
not reduced below that in plot A, at least in the 1939 and 1940 Cava- 
nagh experiments. Thus, the appreciable water deficits in the palm 
either did not reduce photosynthesis sufficiently to materially diminish 
the supply of sugars from the leaves to the fruit, or the utilization of 
stored carbohydrates compensated for any reduction in the supply 
of sugars from the leaves. That carbohydrates from stored reserves 
may be utilized late in the development of the fruit has been suggested 
by Aldrich and Young (1), whose results show a decrease in the starch 
content of the trunk during the period of fruit ripening. In the 1941 
United States Date Garden experiment, however, with palms just 
coming into bearing and with such extremely severe water deficits 
in one of the three palms in plot D that the fruit shriveled before 
ripening, the indicated rate of dry-matter increase in the fruit dropped 
considerably below that in plot A. This suggests that when water 
shortage is sufficiently acute, the ability of the palm to function 
normally may be so reduced that the rate of dry-matter accumulation 
in the fruit is greatly lessened. In all three experiments the normal 
decrease in the total amount of water per fruit during September was 
slightly greater in plot D than in plot A. 

The extent to which the single periods of appreciable water deficit 
in the palm limited the final weight of the fruit in plots B, C, and D 
was calculated (table 2). As would be expected from the weight 
curves previously shown (fig. 2), appreciable water deficits in the palm 
in June and July (plots B and C) had a much greater effect in reducing 
the final fruit weight below that of plot A than did the soil-moisture 
deficiencies in August and September. Although the effects of mid- 
summer soil-moisture deficiencies in reducing the rates of fresh- and 
dry-matter increase occurred at different times during the summer, 
the final fresh and dry weights per fruit were reduced about equally. 


TaBLE 2.—Effects of appreciable water deficit in the palm for a single period in 
limiting the final fresh and dry weights of the fruit 


Percentage reduction in weight per fruit in 

Fruit weight each plot below that of fruit in plot A 
obtained — SSaESanRREE GERORGEaEC RRR 

Plot B Plot C Plot D 


Location and year of experiment 


Percent Percent Percent 
14 12 


Cavanagh garden, 1939 ; . 16 | 





Cavanagh garden, 1940__- 


Peck garden, 1940__ 





6 | 
11 | 
| 

| 


United States Date Garden, 1941. eee is 
! Ripe fruit in second (October 17) picking. 8 Ripe fruit in second (September 21) picking. 
® Partly ripe fruit in September 16 sampling. 4 Ripe fruit in October 9 sampling. 
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FRUIT QUALITY 


Checking, the high-humidity or rain injury to which the fruit is 
susceptible during June, July, and early August, occurred on fewer 
fruits in plots B and C than in plot A. These results, which are dis- 
cussed in a separate report (3), are believed to be due not only to a 
reduced supply of water from the trunk to the fruit, but also to physical 
or chemical changes in the fruit brought about by appreciable water 
deficits in the palm in plots B and C. Blacknose, a shriveling and 
darkening of the tips of fruits that develop severe checking, seemed to 
be reduced by the water deficits proportionately more than the 
checking. 

There is a popular belief among date growers that the severe shrivel 
of ripe fruits often observed in the Deglet Noor variety is most serious 
when irrigation is not adequate. Although a careful grading of the 
fruit in each picking from each plot of all experiments showed that 
appreciable water deficits in the palm were in some cases followed by a 
slightly increased amount of shrivel in ripe fruits, there was no con- 
vincing evidence that shrivel was greatly increased by a single period 
of soil-moisture deficiency. Since Nixon and Crawford (8) found in 
fruit-thinning experiments that more shrivel occurred where large 
numbers of fruits were left on a bunch, it seems probable that shrivel 
results from a modification of fruit development caused by a limitation 
in the supply of carbohydrates. Therefore soil-moisture deficiency 
which is so prolonged as to greatly reduce the vigor of the tree, and 
perhaps carbohydrates stored in the trunk, might be expected to 
cause an increase in the number of shriveled fruits, 


SUBSEQUENT DEVELOPMENT OF INFLORESCENCES 


The effects of the time of appreciable water deficits in the palm in 
one year upon the number of inflorescences emerging the following 
spring (table 3) indicate that the deficits in late August and early 
September (plot D) resulted in fewer inflorescences (statistically 
significant in two out of three series) the following year than on the 
control palms. This suggests that reduced photosynthesis during the 
appreciable water deficits in the palms limited the carbohydrate or 
other plant foods necessary for development and emergence of the 
inflorescences. 


TABLE 3.—Effect of time of appreciable water deficit in the palm upon the number of 
inflorescences appearing per palm the following seit 





Inflorescences per palm, in the spring after appreciable 
water deficits in the palm 
Location and year of experiment 





Plot A Plot B Plot C Plot D 
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| 

“a 

| Number 
11.80. 5 | 9. 740. 6 
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Number Number | Number 
Cavanagh garden, 1939 13. 20.7 | 12. 8+0. 3 

Cavanagh garden, 1940 sore 11.80. 5 | 11. 80.7 
United States Date Garden, 1941. Gite 94: | 17. 0+0. 6 


12.00. 3 10. 80. 7 
10. 60.9 








DISCUSSION 


These investigations have shown that systematic measurements of 
the rate of elongation of date leaves provide a satisfactory method for 
determining when soil moisture is depleted to such an extent as to 
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reduce the rate of growth of the fruit. The average rate of leaf elon- 
gation of recently emerged leaves was fairly constant from late May 
to October, so that a decrease of 1 cm. or more per day below this 
normal rate was an indication of soil-moisture deficiency. Fluctua- 
tions in rate from day to day during the summer due to variations in 
weather would tend to smooth out if the calculated rates were based 
upon intervals of 6 to 7 days between measurements. This normal 
summer rate of leaf elongation for Deglet Noor palms with adequate 
soil moisture was found to be between 4 and 5 cm. per day, with the 
higher normal rate for the palms of greater vigor. Therefore, with 
Deglet Noor in the summer, a decrease in rate to about 3.5 cm. or 
less per day would indicate a soil-moisture deficiency. Under cir- 
cumstances where the rate of leaf elongation appeared to be lower 
than normal when measurements were started, an increase in rate of 
about 1 cm. or more per day immediately after an irrigation would 
indicate that soil-moisture deficiency had existed before the irrigation. 
If, on the other hand, a rate of 3.5 cm. or less per day were not in- 
creased by an irigation, some other factor, such as a root disease, 
should be suspected as limiting the growth of the palm. 

To extend this method to other seasons of the year or to varieties 
other than Deglet Noor, it would be necessary to determine the 
normal rate of leaf elongation on two or three palms irrigated suffi- 
ciently often and thoroughly to have the soil moisture adequate at 
all times. Such a normal rate would be extremely low in the winter 
(2, 6), would increase gradually during the spring as air and soil 
temperatures increase, and after a fairly constant rate during the 
summer would decrease in the fall. With this normal rate as a basis 
for comparison, a consistent lower rate of leaf elongation on other 
palms of the same variety would indicate soil-moisture deficiency. 

Of particular importance is the fact that, during the period of 
increase in fresh weight of fruit (late May, June, July, and early 
August), a prolonged decrease in rate of leaf elongation of 0.5 to 
1 cm. or more per day below the normal rate was always accompanied 
both by a decrease in the rate of growth of the fruit and by a limitation 
in its final fresh weight. Furthermore, the extent to which the rate 
of leaf elongation was reduced below the normal rate as a result 
of soil-moisture deficiency was approximately proportional to the 
extent to which the rate of fruit growth was reduced. Therefore, when 
soil-moisture deficiency is suspected of limiting production, the 
systematic measurement of the rate of leaf elongation can be used 
to determine when improper irrigation is retarding the development 
of the fruit. 

Although the results indicate that soil-moisture deficiencies in late 
August and September would not be expected to reduce the final 
weight of fruit as much as equivalent deficiencies in June or July, it 
should not be inferred that such late moisture deficiencies are any less 
detrimental to satisfactory fruit production in the crop of the follow- 
ing year. The evidence that soil-moisture deficiency in late summer 
resulted in a smaller number of inflorescences the following spring 
suggests that such deficiency reduces the vigor of the palm. 

ince the period of susceptibility to checking coincides with the 
period of rapid increase in the fresh weight of the fruit,fa soil-moisture 
deficiency of sufficient magnitude to reduce the susceptibilityof the 
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fruit to severe checking during an extended period of high relative 
humidity or rain would be expected to markedly reduce its rate 
of growth. This was true in 1940 at both the Cavanagh and Peck 
gardens. The plots with soil-moisture deficiencies in June or July 
had lower percentages of blacknose than the controls, but the fresh 
weight of the ripe fruits from these plots was 6 to 25 percent less than 
that of the fruits from the controls. Even if no fruit drop had 
occurred on palms with a soil-moisture deficiency in July, it is doubt- 
ful whether the benefits of reduced blacknose would have increased 
the market value of the fruit sufficiently to compensate for its 
reduced size and the consequently reduced yield per palm. In years 
when blacknose is not serious, as in 1939, the reduction in checking 
alone as a result of soil-moisture deficiency in June and July would 
certainly not compensate for the reduction in fruit size. 

The development of shrivel of ripe fruits appears to be most serious 
in years with prolonged periods of high temperature, particularly dur- 
ing September. In such years relatively few fruits develop shrivel 
where soil and cultural conditions have resulted in vigorously growing 
palms with numerous large leaves, large fruitstalks, and large fruits. 
Where the leaves, fruitstalks, and fruits are small as a result of un- 
favorable soil or cultural conditions, adequate irrigation during one 
season to prevent soil-moisture deficiency did not keep a fairly large 
percentage of fruits from developing shrivel that season. Thus the 
role of careful irrigation in reducing the susceptibility of the fruit to 
shrivel would seem to be the prevention of soil-moisture deficiencies 
that might hinder the growth of new leaves or reduce the ability of 
existing leaves to produce carbohydrates. Since carbohydrate re- 
serves probably accumulate in the fall, winter, and spring (1), the pre- 
vention of soil-moisture deficiency throughout the year would appear 
to be desirable. 


SUMMARY 


The effects of depleted soil moisture on the rate of leaf elongation 
and fruit development of bearing date palms of the Deglet Noor 
variety were determined in four series of experimental plots. The 
moisture content of the soil was measured at 10-day intervals in one 
series of plots. 

The rate of elongation of recently emerged leaves was found to be 
fairly constant from late May to October. 

A decrease in the rate of leaf elongation below that of adjacent 
frequently irrigated palms was found to be a sensitive index of appre- 
ciable water deficits in the palm resulting from soil-moisture deficiency. 
A prolonged decrease in rate of leaf elongation of 0.5 to 1 cm. or more 
per day below that of frequently irrigated palms during late May, June, 
July, and early August, when the fruits were enlarging, was always 
accompanied by a reduced rate of increase in fresh weight and by 
limitation in the final fresh weight of the fruits. The rate of increase 
in dry weight of the fruits did not fall immediately as much as that of 
fresh weight, so that the percentage water content of the fruits was 
temporarily reduced. Delayed effects of appreciable water deficits 
in the palm were manifested in late summer in a reduced rate of in- 
crease in fruit dry weight, in approximately 2 weeks’ earlier softening 
of the fruits, and, during one season, in a premature dropping of the 
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fruits. Equivalent appreciable water deficits in late August and early 
September, when the fruits were increasing rapidly in dry matter, re- 
sulted in a more rapid decrease in their fresh weight during the normal 
dehydration just prior to ripening, but there was reduced dry-weight 
accumulation only where the water deficits in the palm were very 
severe. 

Appreciable water deficits in the palm during June, July, or early 
August, when the fruits are susceptible to the high relative humidity 
or rain injuries known as checking and blacknose, resulted in fewer 
fruits developing these injuries than on palms receiving adequate 
irrigation. Appreciable water deficits in the palms for a single period 
in the summer did not greatly increase the shrivel of ripe fruits. 
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